The present study reports spontaneous tyrosinase gene mutations identified in oculocutaneous albinos of three Japanese wild frog species, Pelophylax nigromaculatus, Glandirana rugosa and Fejervarya kawamurai. This represents the first molecular analyses of albinic phenotypes in frogs. Albinos of P. nigromaculatus collected from two different populations were found to suffer from frameshift mutations. These mutations were caused by the insertion of a thymine residue within each of exons 1 and 4, while albinos in a third population lacked three nucleotides encoding lysine in exon 1. Albinos from the former two P. nigromaculatus populations were also associated with splicing variants of mRNA that lacked either exons 2−4 or exon 4. In the other two frog species examined, missense mutations that resulted in amino acid substitutions from glycine to arginine and glycine to aspartic acid were identified in exons 1 and 3, respectively. The two glycines in F. kawamurai and G. rugosa, and the lysine deleted in one P. nigromaculatus albino, were highly conserved in vertebrates, which suggested that they were critically important to tyrosinase function. In fact, the glycine of G. rugosa is located within a predicted copper-binding domain. The five mutations identified in the 4 present study are candidates for causing the albinic phenotypes, and, if directly confirmed, they are all unique to the vertebrates, which suggests that molecular analysis of albino frogs could contribute to research on albinos in humans and vertebrates by providing new information about tyrosinase structure and transcript processing.
INTRODUCTION
The external coloration of organisms plays important roles in biological functions such as adaptation to the environment, reproduction and speciation. Coloration is expressed as a result of color pigments and their cumulative effects with cells in skin, feathers and hair. The biosynthesis of melanin, a major color pigment deposited in melanocytes that is mainly black or brown, relies heavily on tyrosinase, an enzyme that catalyzes two steps in the pathway that produces melanin. Amelanotyic phenotypes are caused by mutations in the tyrosinase gene. In humans, tyrosinase has been extensively studied due to its applications in both medical and cosmetic sciences. The amino acid and nucleotide sequences of the tyrosinase gene in vertebrates were first identified in mice (Yamamoto et al., 1987; Müller et al., 1988) and humans (Kwan et al., 1987) . Since then, tyrosinase gene in humans has been associated with 265 oculocutaneous albinism type 1 (OCA1), all of which have been analyzed and their causative mutations identified (http://www.ifpcs.org/albinism/).
In amphibians, external coloration is directly expressed by pigment cells in the skin. This is thus highly advantageous for researching coloration and has led to extensive examination of amphibian coloration in the twentieth century (Bagnara et al., 1968) .
Since some Japanese frog species breed in paddy fields and ponds that are located in close proximity to humans, unusual coloration of tadpoles, including albinic phenotypes, can be easily and frequently be reported. In fact, many cases of color variation in Japanese tadpoles are reported each year (Miura, 2009; Teraoka and Yamaguchi, 2009; Teraoka, 2013) . In a previous study involving the Japanese frog P. nigromaculatus, 13 different kinds of albinos were collected from wild populations, stored and classified based on five distinct loci, one of which was postulated to encode for tyrosinase and produce the completely amelanotic phenotypes, with pinkish eyes and yellow skin where no melanotic cells are visible and no deformities in the other two pigment cells of xanthophore and iridophore are associated (Nishioka and Ueda, 1985; Nishioka et al., 1987) . Sequences of tyrosinase cDNA and their associated genomic regions were determined in the wild type frog of the species (Takase et al., 1992; Miura et al., 1995) .
Despite these fortuitous conditions, molecular analysis of albino frogs has not been previously undertaken.
In the present study, two questions regarding albinism in frogs are examined: 1) Are the associated causative tyrosinase mutations species or amphibian-specific, or do they fall within the range of mutations found in humans?; and 2) Does albinism in frogs of the same species taken from different localities share the same origin, or did albinism arise independently in different populations? In order to investigate these questions, the sequences of tyrosinase genes from albinos showing completely amelanotic phenotypes in three different frog species were determined, with samples of one species having been collected from three different localities. The mutations identified in the present study were all unique to vertebrates.
MATERIALS AND METHODS

Albino frogs and pigment cell observation
All the albinos studied in the present study were collected from the wild when they were tadpoles, and have then been reared at facility of Hiroshima University or Gifu world freshwater aquarium ( Yamamoto), respectively. We used heterozygous frog of F. kawamurai, which was an offspring from a cross of the albino with a wild-type frog, for molecular analysis in this study. For observation of pigment cells, a small piece of skin that was taken from the dorsal surface of a frog after low temperature anesthesia in iced water was put on a glass slide in Amphibian Ringer solution with a coverslip, and it was observed under microscope (Nikon Eclipse 80i/Plan Fluor, DS-US/DS-Ri1 camera). Animal care and experimental procedures were conducted under approval of the Committee for Ethics in Animal Experimentation at Hiroshima University (Permit Number: G13-3).
Genomic southern blot hybridization
This hybridization was performed according to the method of Miura et al. (1998) . The DNA (15μg) cut with Pst I was electrophoresed in 0.8% agarose gel and were then transferred to nylon membranes in 10 x SSC (1.5M NaCl and 0.17M sodium citrate) after denaturation with 0.5M NaOH and 1.5M NaCl followed by neutralization with 0.5M Tris and 1.5M NaCl (pH7.5), and hybridized with digoxigenin-labeled probe in 0.05 M sodium phosphate buffer containing 5 x SSC, 10% SDS, 2% blocking solution, 0.1% N -lauroylsarcosine, and denatured salmon sperm DNA (60μg/ml) at 68℃ for 16 h. The membranes were washed three times in 2 x SSC, 0.1% SDS at room temperature for 5 min and once in 0.1 x SSC, 0.1% SDS at 68℃for 30 min, and they were then exposed to X-ray film after immersion in antidigoxigenin AP conjugate (1:10,000), washed, and incubated with 1/100 CSPD (Roche). The DNA fragments used for probes are as follows ( Fig. 2) : the total length cDNA fragment (3511bp), NcoI-fragment corresponding to exons 1 and 2 (1058 bp), NcoI + BglII-fragments corresponding to exons 3 and 4 (421 bp), 800 bp-genomic fragment of exon 4 including parts of introns 3 and 4, DdeI+NcoI+PstI fragments (140 bp and 142 bp, respectively) corresponding to exons 2 and a part of exon 5 (5a), and BglII fragment corresponding to exon 5 (2034 bp).
Amplification of tyrosinase cDNA and genomic regions 1 0
Total RNA and genomic DNA were extracted from a small piece of skin, which was taken out from the dorsal surface of a frog after low temperature anesthesia in iced water. The piece of skin was crushed with plastic pestle, and then RNA and DNA were separately extracted using NucleoSpin Tri prep kit (Takara, Japan) according to the manufacture's instructions. cDNA was synthetized from 0.2 − 1μg of total RNA using Verso cDNA Synthesis Kit (Thermo) in 20μl reaction buffer containing 4μl of 5 x reaction buffer, 1μl of dT24 oligomer, 2μl of 10mM dNTP, 1μl of RNase inhibitor and 1μl of reverse transcriptase at 55℃ for 50 min and ending at 80℃ for 15 min.
Tyrosinase cDNA and genomic DNA fragments were amplified using PrimeSTAR GXL DNA Polymerase (Takara, Japan): 0.5μl of cDNA or DNA was amplified in 25μl reaction solution containing 0.5μl of GXL DNA polymerase, 5μl of 5 x buffer solution, 4μl of dNTP and 0.5μl of each of the 12.5μl M primers at 40 cycles at 98℃ for 10 s, 55℃ for 10 s and 68℃ for 1−3 min with Life Eco thermal cycler (Nippon Genetics). The amplified product was electrophoresed on 6% polyacrylamide gel with 1 x TAE running buffer, or purified using FastGene Gel/PCR Extraction Kit (Nippon Genetics) and cloned into PUC118 using Mighty cloning reagent set (Takara, Japan) for sequence analysis. 
RESULTS
External morphology of albinos
The albinic frogs examined in the present study were shown in Fig. 1 . Their dorsal skin coloration was predominantly yellowish, while their eyes were pinkish (Fig. 1A -C, E and F). In the skin of albinic P. nigromaculatus, pigment cells that were normally observed in wild type frogs ( Fig. 1D and D´) , such as melanocytes, were not detected ( Fig. 1B´ and C´) ; however, no anomalous pigmentations were detected in xanthophores and iridophores located in either the skin or the iris.
Exon structure
In humans, mice and fish, tyrosinase genes are commonly made up of five exons (Giebel et al., 1991; Inagaki et al., 1998; Ruppert et al., 1988) . In the frog P. nigromaculatus, exons 1, 4 and 5 were successfully identified through genomic cloning, while exons 2 and 3 were not. Exons 2 and 3 were presumed to exist based on conserved donor and acceptor sequences for splicing exon-intron junctions into the cDNA sequence (Takase et al., 1992; Miura et al., 1995) . Based on this information, genomic southern blot analysis was used to confirm the exon structure of tyrosinase gene in the frog species.
Using frog tyrosinase cDNA with a total length of 3.5 kb (this length included three Pst I sites within the untranslated region of exon 5) as a probe, eight bands were detected on the Pst I-digested genomic DNA, of which two bands corresponded to exons 2 and 3 (Fig.   2 ). These results indicated that frog tyrosinase was comprised of five exons.
Identification of tyrosinase mutations in albinos
Tyrosinase cDNA fragments from wild type and albinic frogs were amplified from +1 to +1687 (including the whole coding region: 1-532 amino acids) in P. nigromaculatus (Fig. 4) .
In order to identify mutations in the tyrosinase genes of albinic frogs, the entire sequences of normal-sized cDNA fragments were first determined. Three nucleotides AAG (+682-684) coding lysine had been deleted in the albino A H of P. nigromaculatus (Fig. 5) . Thymine had been inserted in exon 4 between +1244 and +1245 and in exon 1 between +768 and +769 in A K and A I , respectively (Fig. 5) . In addition, 29-base deletions between +1350 and +1378 were identified in exon 4 of A I (Fig. 6) . In albinos of G. rugosa and F. kawamurai, guanines at +1127 in exon 3 and +169 in exon 1, each of which coded for glycine, were substituted for adenines coding for aspartic acid and arginine, respectively (Figs. 5 and 6). These sequence mutations were all confirmed in corresponding regions of the genomic DNA, with the exception of the 29-base deletions in A I , which were therefore determined to be isoform variation lacking 29 bases from exon 4. The other missense mutations identified in the cDNA of albino frogs in comparison to wild type frogs of the same species and other vertebrate species are listed in the Supplementary Table S1 .
DISCUSSION
In the present study, five tyrosinase mutations were identified in the albinos of three Japanese wild frog species (summarized in Fig. 6 ). It was predicted that all the identified mutations produced dysfunctional tyrosinase proteins and therefore might have been kawamurai, respectively, may have also resulted in dysfunctional tyrosinase, since the three original amino acids were highly conserved in vertebrates, suggesting that they are regions of critical importance to tyrosinase function (Fig. 7) . In fact, the glycine of G. (Chaki et al., 2006) . These results indicated that the mutations that resulted in albinism in the frog species examined were unique to the vertebrates; therefore, it was concluded that molecular analysis of frog albinos would contribute to research of albinism by providing new information about the molecular features of tyrosinase and its transcript processing that were unknown in research on humans.
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The second question examined in the present study was whether or not the origins of the tyrosinase mutations associated with albinism in different populations of the same frog species were the same. Results of the present study indicated that the origin of the mutations that resulted in albinism depended on the population from which a specimen was obtained, which suggested that these mutations occurred independently in each population. The insertion of thymine and association with a shorter, extra mRNA isoform that lacked exon(s) was commonly observed in albinos originating from two distant localities, Kumamoto and Ichinomiya. It is possible that species-specificity exists in the mutation generation responsible for albinism in frogs. More data is necessary to determine the accuracy of our second hypothesis. 
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